Abstract. The optimal scheduling of crude-oil operation in refineries has been studied by various groups during the past decade, leading to different mixed integer linear programming or mixed nonlinear programming formulations. This paper proposes a new MINLP formulation with an oil residency time constraint and common pipeline transportation that is based on single-operation sequencing (SOS). An effective choice strategy for priority-slot number is presented. This model is also developed upon the representation of a crude-oil scheduling by a single sequence of transportation operations. A method is proposed to solve this model which can get optimal solution with the smallest priority-slot number if it exists.
Introduction
It is a great challenge to operate an oil refinery [3] and there is great profit potential if a plant is well-operated. Short-term scheduling of crude oil is one of the most challenging optimization problems both in terms of modeling and solution algorithms. With the NP-hard nature for general scheduling problems, usually heuristics and meta-heuristics, petri net-based algorithms, and tabu algorithms are applied to solve a scheduling problem in discrete manufacturing operations. By these techniques, an optimal solution may not be found. To solve the short-term scheduling problems of crude oil operations based on mathematical programming models, significant research efforts have been made by many researchers. A discrete-time mixed integer linear programming (MILP) model for short-time crude oil scheduling was addressed in [1] . Then, different models on the basis of discrete-time description [2] and continuoustime description [4, 5] are developed.
Recently, Mouret propose a novel continuous time formulation called priority-slotbased modeling method for the scheduling problem of crude oil operations. One particular benefit of such a model is that the only parameter that needs to be known a priori is the total number of operations that to be performed by the obtained schedule. However, in [4] , to make the problem solvable, they do not consider oil residency time constraints that are solid and cannot be ignored in a real-life refinery. Further, in a refinery, generally crude oil is delivered from storage tanks to charging tanks via a common pipeline. To make the priority-slot-based formulation practically usable, the oil transportation process via a pipeline and the oil residency time constraints should be well-modeled.
The paper is organized as follows. In the next section, with both residency time constraints and oil delivery via a pipeline considered, Section 2 develops the continuous-time single-operation sequencing (SOS) formulation. In section 3, an efficient method is proposed to solve the problem. Finally, section 4 gives the conclusions.
Formulation with Residency Time and Common Pipeline Transfer
This section presents the priority-slot-based continuous-time formulation for the short-term scheduling problem of crude oil operations with oil residency time constraints and oil transportation process via a pipeline being taken into account. The following Equations (1) through (5), combined with all the equations attached in [4] compose the new model, which is a MINLP model named P1. Removing the bilinear equations, it is relaxed to a MILP one, named P2.
Oil residency time constraints for storage tanks: A tank must idle for a certain amount of time to separate and remove brine after it receives crude oil and then transport crude oil to charging tank or CDU, which is called oil residency time and an important real-life operational feature. Many existing works do not account for oil residency time, because considering it can increase the difficulty of scheduling and decrease the space of schedulability. As can be seen in [3] that oil residency time is one of the cause of nonschedulability. This is motivation of us to take oil residency time into account.
(1)
Oil residency time constraints for charging tanks:
Transportation constraint for oil in the pipeline at the initial state: The oil segments (virtual storage tanks) in the pipeline at the initial state should be transported in the order from the outlet to the inlet, and only after these segments are completed the oil in the storage tanks can be transported. Thus, the following constraints should be satisfied.
(3) (4) Pipeline fullness at the end of scheduling horizon: At the end of the scheduling horizon the pipeline should be full of crude oil. This is guaranteed by the following constraint.
(5)
Solution Method
Since Problem P1 is an MINLP problem, it is very difficult to solve. To solve Problem 1 for the system addressed in [4] , the authors use a two-stage method. At Stage 1, they first solve an MILP problem obtained from P1 by removing nonlinear Constraint to obtain z iv 's. Then, at Stage 2, P1 is solved by substituting the value of z iv 's into P1. In this way the computational burden is greatly reduced such that the problem can be solved. However, by doing so, an infeasible schedule may be obtained. Notice that, for the problem addressed in this paper, the oil transportation process from storage tanks to charging tanks via a pipeline is included and the oil residency time constraints are imposed. For such a system, the number of binary variables in P1 must be much greater than that in the model for the system discussed in [4] . Hence, P1 obtained in this paper is more difficult to solve. To make the problem solvable and an obtained schedule feasible, similar to the method used in [4] , a two-stage method is proposed as follows. At Stage 1, instead of simply ignoring nonlinear Constraint, we solve P2 to obtain z iv 's. Then, as done in [4] , P1 is solved with z iv 's being fixed by that obtained at stage 1.
To build priority-slot-based models P1 and P2, it is required that the number of priority slots is known in advance. Unfortunately, in practice, this is not the case and it is very difficult to predict an accurate one. Thus, to build such a model, one has to make a guess to set a value on it. If a small value is given, there might be no solution at all, while a large value could make the problem unsolvable due to the large number of binary variables. Therefore, to obtain a priority-slot-based model, it is crucial to properly determine the number of priority slots. Let Sn be the optimal schedule for the problem when the number of priority slots is n. According to the characteristic of our model we present the following theorem.
Theorem 1: If Sn is the optimal schedule obtained for the problem with n being the number of priority slots, an optimal schedule S k for the problem with k > n is not better than S n . Proof is omitted.
Let |T| be the cardinality of T and N = |T|. By Theorem 1, the scheduling problem for crude oil operations can be solved as follows. We can make a guess on N. Then, with N as the number of slots, the problem is solved. If a solution is found, let NN-1 and the problem is solved again. This process is repeated until no solution can be found for an N. In this case, an optimal solution is found with N+1 being the number of slots. If a solution is not found for the guessed N, let NN+1 and the problem is solved again. We continue this process until a solution is found for an N. The problem is how to guess an appropriate N such that the problem can be solved with less computation.
By the definition of an OD in [4] , an operation may be executed more than one time, depending on the demands of CDUs. However, generally an operation should be executed at least once. Thus, although it is very difficult to guess the number of slots, it is reasonable to let the number of operations be the number of slots to start the solution process. Let the guessed number of slots be N = , we can solve P2 iteratively as follows. In solving P2, when the number of slots is set to be large and a solution is not found, we think that a solution cannot be found and the algorithm should stop. In the algorithm, by
Step 2), we find a solution with the smallest N ( ) if it exists. If, for N  , no solution can be found, by Step 3) we then find a solution with N > . When N > M and a solution is not found yet, the algorithm stops without finding a solution. In this way, according to Theorem 1, for P2, an optimal solution with the smallest priority-slot number is found if it exists.
When a solution obtained from P2 by using Algorithm 1, the number of slots N = |T| and z iv 's, iT, are determined. Let J P2 be the value of objective obtained for the optimal solution. Then, by substituting the value of z iv 's obtained into P1, P1 can be solved by a commercial solver just as done in [4] and let J P1 be the value of objective for the obtained solution. Notice that P2 is a relaxed problem of P1 and J P2 must be a lower bound of P1. Also, with z iv 's being fixed as constant for solving P1, J P1 must be an upper bound of P1. Let G = (J P1 -J P2 )/ J P1 be gap of them. Then, we can use G to evaluate the performance of the proposed method. Besides, the optimality of the solution got with our heuristic approach closely depends on the tightness of P2.
Conclusions
A new continuous-time scheduling formulation with residency time constraint and pipeline transportation is proposed to address crude oil scheduling problems. We introduce a new MILP relaxation formulation of original problem, which is tighter than the one in [4] , makes us to find the solution of original problem easier, as well assures that the crude oil types that are mixed to form the oil in a tank are same as that delivered from the tank by ODs that are relative to the tank.
According to the characteristics of the model, we propose Theorem 1, based on which we come up with a method which can get a satisfactory optimal solution with the smallest priority-slot number and a 0% gap between upper bound and lower bound if it exists.
The foci of the future work are to apply distinct objective functions to reconstruct the model, and to design different algorithms according to the characteristic of different model. Moreover, the solution of MINLP model is very expensive in terms of the number of variables and constraints, and the bound of the relaxation of MINLP is not sufficiently tight. Accordingly, techniques tightening the relaxation of such MINLP problems are to be developed to accelerate the speed of convergence.
